Abstract How does scene complexity influence the detection of expected and appropriate objects within the scene? Traffic research has indicated that vulnerable road users (VRUs: pedestrians, bicyclists, and motorcyclists) are sometimes not perceived, despite being expected. Models of scene perception emphasize competition for limited neural resources in early perception, predicting that an object can be missed during quick glances because other objects win the competition to be individuated and consciously perceived. We used pictures of traffic scenes and manipulated complexity by inserting or removing vehicles near a to-be-detected VRU (crowding). The observers' sole task was to detect a VRU in the laterally presented pictures. Strong bias effects occurred, especially when the VRU was crowded by other nearby vehicles: Observers failed to detect the VRU (high miss rates), while making relatively few false alarm errors. Miss rates were as high as 65% for pedestrians. The results indicated that scene context can interfere with the perception of expected objects when scene complexity is high. Because urbanization has greatly increased scene complexity, these results have important implications for public safety.
disambiguate the scene information by reducing possible interpretations (Tsotsos, 1990 ; see also, e.g., Witkin & Tenenbaum, 1983) .
Complexity is especially problematic in early vision, when the scene is parsed into meaningful objects and surfaces. Neurocomputational resources must be allocated wisely, and this involves favoring a few regions. The consequence is significant perceptual limitations and, in particular, a limitation on perceiving multiple objects during the early stages of scene perception (e.g., Franconeri et al., 2013; Sanocki, 1991; Xu & Chun, 2009 ). Thus, early vision can be viewed as a competition between candidate regions for individuation as an object (e.g., Itti & Koch, 2000; Xu & Chun, 2009; Yanulevskaya, Uijlings, Geusebroek, Sebe, & Smeulders, 2013 ). As we elaborate below, larger and more salient regions have an advantage in this competition, because they activate larger neural populations. VRUs, on the other hand, tend to be smaller (and slower) and have a disadvantage in the competition. Thus, complex scene perception theory predicts that VRUs are less likely to reach conscious awareness when competing objects are present.
We examined this idea by presenting pictures of traffic scenes briefly and to either side of fixation. The noncentral presentations represent the brief glances that drivers use to scan a traffic scene for hazards (Chapman & Underwood, 1998; , and they place the critical stimulus in nonfoveal regions, where neural competition for individuation is strongest (e.g., Whitney & Levi, 2011) . We manipulated scene complexity by adding automobiles near the VRU location. We used a signal detection approach in which failures to perceive VRUs were quantified as misses.
Research on driver perceptions of hazards
VRUs are one class of road hazard that must be detected and responded to quickly enough to enable appropriate action (e.g., Horswill & McKenna, 2004; Lee, 2008; Olson & Sivak, 1986; Shinar, 2007) . Although a primary task for drivers is to stay on the road, they also need to scan locations on and near the road for hazards, by moving their eyes quickly around the traffic scene (e.g., Chapman & Underwood, 1998; . Because drivers can only sample the visual field, VRUs will often not be foveated. Analyses of crash events (e.g., vehicles turning directly into motorcycles) support the idea that VRUs are often not consciously perceived by drivers (e.g., Borowsky et al., 2012; Gershon & Shinar, 2013; Pinto et al., 2014; Wulf et al., 1989) . Traffic researchers have converged on the idea that VRUs are low in conspicuity-the ability to attract the observer's attention (e.g., Langham & Moberly, 2003; Wulf et al., 1989) . Recent research has examined methods for increasing conspicuity, such as bright outfits and unique lighting configurations, with some positive results (e.g., Gershon & Shinar, 2013; Pinto et al., 2014) .
Our proposal is that VRUs sometimes have such low conspicuity that they are not perceived at all in early vision; they are not individuated as objects, and thus never reach conscious awareness. This should be most likely with brief glances (early vision) and with complex scenes, because of the increased competition for object individuation. These ideas follow from models of the time course of scene perception.
Early scene perception
The perception of complex scenes unfolds over time. The overall meaning of a typical scene, termed gist (e.g., BI am in traffic,^Bthere is a mall^), is perceived quite rapidly, within a single glance (within about 150 ms; e.g., Greene & Oliva, 2009; Kirchner & Thorpe, 2006; Potter, 1976) . However, further processing is necessary for information beyond gist, such as the identity and details of noncentral objects, relations between objects and surfaces, and atypical information. Often, such further processing does not get completed during brief glances, as has been indicated in a variety of paradigms (e.g., Biederman et al., 1988; Botros, Greene, & Fei-Fei, 2013; FeiFei, Iyer, Koch, & Perona, 2007; Franconeri, Scimeca, Roth, Helseth, & Kahn, 2012; Sanocki & Sulman, 2009; Treisman, 1988 ).
Recent models have described the time course of scene perception. Scene processing begins with a massive array of visual information that is sampled during eye fixations. The array is subdivided and grouped into potential objects and background structures during early and intermediate visual processing (e.g., Itti & Koch, 2000; Xu & Chun, 2009; Yanulevskaya et al., 2013) . Determining object and region boundaries is complex, because stimulus information is locally ambiguous, as has been noted (e.g., Granlund, 1999; Tsotsos, 1990 Tsotsos, , 2001 . The organizational processes are limited in capacity, and in early processing, four or fewer objects are correctly grouped and individuated within a scene (e.g., Franconeri et al., 2013; Xu & Chun, 2009) . Conscious identification of an object requires individuation (e.g., Xu & Chun, 2009) . Different regions of the processed scene compete with each other for individuation, and the likelihood that a region will win (be individuated and represented) increases with stimulus factors such as the region's size and contrast from the background (e.g., Itti & Koch, 2000; Yanulevskaya et al., 2013) . In regions away from the center of fixation (parafoveal and peripheral regions), the competition for individuation becomes especially high, because neural resources are increasingly scarce; as a result, objects crowd other objects and make them consciously imperceptible (e.g., Whitney & Levi, 2011) . Because they recruit stronger neural responses, larger and more colorful objects dominate smaller objects, making the smaller objects less likely to be consciously perceived (e.g., Itti & Koch, 2000; Sanocki, 1991) . Instead, nondominant objects are replaced by neighboring objects or regularization of the larger surrounding region (e.g., Whitney & Levi, 2011) .
VRU detection and scene complexity
Given that VRUs are generally smaller than automobiles, they should often fail to be individuated and perceived within a brief glance in complex stimulus conditions. Complexity was manipulated in the present experiments by using traffic scenes that were relatively empty, or moderately crowded, by automobile distractors (e.g., Fig. 1 ). The moderately crowded scenes were expected to impair VRU detection more than the uncrowded scenes, but the interesting issue was how perception would be impaired. Perception was measured and analyzed in terms of signal detection theory (SDT; D.M. Green & Swets, 1966) , which separates sensitivity (here, the overall ability to discriminate VRU presence from absence) from bias, or changes in the criterion for interpreting the stimulus information (i.e., the amount of perceptual evidence needed for detecting the VRU). Crowding should decrease sensitivity and thereby increase errors. If crowding impaired perception in an unbiased manner, then it would increase errors of both types (missing VRUs, and mistakenly responding that VRUs are present, or false alarms). However, models of scene perception predict that crowding causes VRUs to not be individuated, and this should be manifested by a bias effect in which VRUs are often missed. False alarms are predicted to be relatively low. Because the miss errors are caused by strained neural resources, the bias effect should occur even though observers are intentionally looking for VRUs.
The experimental paradigm is a visual search for an object (VRU) embedded in a natural scene with some nearby distractors (crowded condition) or no close distractors. Most search experiments measure reaction time, leaving the display on until the response (e.g., Wolfe, Alvarez, Rosenholtz, Kuzmova, & Sherman, 2011) . However, at least two studies have been reported with brief nonscene displays that probed early vision (Biederman, Blickle, Teitelbaum, & Klatsky, 1988; Cameroon, Tai, Eckstein, & Carrasco, 2004, Exp. 2) . Neither of these studies obtained the bias effect with increasing distractors that we predict here. Cameroon et al. found that false alarms increased more than misses with display size. Biederman et al. found a high false alarm rate that increased with display size, and it was driven by their semantic manipulation. False alarms were high when the distractors were consistent with the searched-for target (from the same setting or scene type), but not when they were inconsistent. This bias effect is opposite to the increased misses predicted here. However, Biederman et al. used nonscene displays, in which the problems of individuation in early vision are greatly reduced. Our targets occurred on everyday streets that often had automobiles, and individuation was a perceptual challenge, especially in the crowded condition.
If VRUs are missed with brief glances, what conditions are necessary for them to be accurately perceived? Models of perception aver that if visual resources (attention and eye fixations) are drawn to the location of the VRU, then that region will receive fairly complete high-resolution processing, including individuation of its components. Studies of object search in natural scenes with long-duration displays have indicated that errors are low in such situations (e.g., Wolfe et al., 2011) . Experiment 1B was a control experiment in which we examined the present stimuli under such conditions. Experiments 1A and 1B
In the main experiment (Exp. 1A), the displays were designed to represent brief glances around a traffic scene for a VRU. Three types of VRUs were included, in a variety of typical (and legal) locations-a motorcyclist or bicyclist on the road, or a single pedestrian on the sidewalk or crosswalk.
The control experiment (Exp. 1B) utilized the same stimuli and design, but the trials were expanded to cause attention and the eyes to shift to the VRU's location. After the central fixation mark and before a particular scene, a cue (a red dot) was presented at the location of the VRU in the scene, for 250 ms. The scene followed immediately and remained on the screen until the response was made. Reaction time and overall accuracy were the dependent measures in this experiment. These conditions provided ample time for attention and eye fixations to the VRU region, and models of scene perception predicted high accuracy within reasonably fast reaction times.
Method
Overview The observers in Experiment 1A detected VRUs from brief glances (250 ms) of largish street-scene pictures, presented to the left or right of fixation. The scenes were uncrowded (no vehicles near or in front of VRU) or moderately crowded (one or more automobiles near VRU and others behind VRU; mean number of foreground automobiles = 2.1, range = 0 to 6). Figure 1 shows examples of crowded and uncrowded scene versions (VRU present). A single VRU appeared in a present scene; it could be in a variety of legal locations throughout the scene. Half of the scenes were present scenes, and the VRU was equally likely to be a pedestrian, bicyclist, or motorcyclist. The absent scenes were identical, except that the VRU was not present (scene background remained). Observers responded Byes^or Bno^regarding the presence of a VRU in the scene, and received training with representative stimuli before testing. Experiment 1B had the same design, but the trial structure was expanded to bring attention and eye fixations to the location of the VRU.
Participants Thirty-four undergraduates who reported good or corrected-to-normal vision participated and received extra credit in Experiment 1A. The university is a large, pedestrianfriendly region, with reasonable numbers of bicyclists and motorcyclists. The data for two participants were not analyzed because of low performance (<60% correct), leaving 12 males and 20 females. In Experiment 1B, a new sample of 12 undergraduates participated (eight females, four males).
Stimuli The test scenes were derived from 24 photographs of streets and intersections, taken from a viewpoint behind the steering wheel of an automobile (e.g., Fig. 1) . The photos were all taken in daytime, with weather varying from sunny to rainy. Each of the 24 base scenes was modified to create four versions, defined by VRU presence or absence and crowding or noncrowding. Figure 1 shows the two present versions for two scenes. Vehicles were added or removed to produce the uncrowded and crowded versions. A different VRU was used with each of the 24 base scenes, and was identical between the crowded and uncrowded versions. The 24 different VRUs were extracted from the photographs and from Internet sources. Adobe Photoshop and ImageReady were used to remove or add VRUs and vehicles. The objects were added together with shadows and in an appropriate size and location. VRUs were located in legal positions on the road (motorcycles), the road or bike lane (bicyclists), or near the road on a sidewalk or crosswalk (pedestrians). Each image was saved as 740 × 443 pixels (18 × 11 deg).
Each block of trials consisted of the 24 scenes, with each scene appearing in one of the four versions. There were eight blocks of 24 trials each (two repetitions of each of the 96 versions). In Experiment 1A, trials began with a fixation cross in the center of the screen (500 ms), followed by a stimulus image (250 ms), with the image edge beginning 2 deg to the left or right of fixation. A blank screen then replaced the stimulus, and participants were instructed to indicate whether a VRU was present in the scene by using keyboard keys. A beep followed the response, but no further feedback was given. Testing was preceded by 24 trials of practice, generated from six additional scenes with four versions of each.
In Experiment 1B, the procedure was the same except for two additions to each trial. After fixation, a red dot appeared in the location of the VRU, to attract attention (250-ms duration, visual angle of approximately 0.49 deg, varying somewhat with position within the scene). In the VRU-absent scenes, the red dot appeared where the VRU was in the present version of the scene. The dot display was then replaced with the scene, which remained on until the response was made.
Results
Experiment 1A As desired, overall performance was in the moderate range, and responding was more accurate for uncrowded scenes (80%) than for crowded scenes (71%). Table 1 shows percentages correct (top matrix) and a recoding of the results as errors (bottom). The most important result was a bias effect-an unequal distribution of the two possible types of errors. Across crowded and uncrowded scenes, observers often failed to detect VRUs (33% miss rate) while making fewer false alarms (16% mistaken reports of VRUs present). SDT provides a valid measure of sensitivity and the recommended estimate of bias (C; Macmillan & Creelman, 1990) . The overall bias estimate was C = 0.31 (standard error = 0.06), indicating a shift in decision criteria away from neutrality (C = 0) of about third of a standard unit, in the direction of requiring more evidence to detect a VRU. The overall bias was reliably greater than zero, t(31) = 4.88, p < .001, 95% CI [0.42, 0.19].
As predicted, the bias of failing to detect VRUs was stronger with crowded scenes (42% miss rate). There was also a smaller but reliable bias effect with uncrowded scenes (24% miss rate). The false alarm rates remained 16% in both conditions. The bias was reliable for uncrowded and crowded scenes considered separately {uncrowded C = 0.19, t(31) = 2.60, p < .02, 95% CI [0.33, 0.05], and crowded C = 0.43, t(31) = 7.24, p < .001, 95% CI [0.54, 0.31], respectively}. The bias was greater for crowded than for uncrowded scenes, t(31) = 6.00, p < .001. The bias effects are statistically independent of sensitivity, which was higher for uncrowded scenes (d' = 1.90) than for crowded scenes (d' = 1.30), t(31) = 8.29, p < .001.
A second recommended measure of bias is the overall percentage of Yes responses (Macmillan & Creelman, 1990) , and this measure also showed strong bias in the crowded conditions, as well as some bias in the uncrowded condition (Table 2 ). Nonparametric estimates of bias (B'') and sensitivity (A') yielded the same conclusions, and also appear in Table 2 . These results support the robustness of the conclusions across measures.
How consistent was the bias effect across the three different types of VRUs? Figure 2 shows bias estimates for each type of VRU. (This analysis used the miss rates for each VRU, considered against the common false alarm rate for all three types of VRUs.) Analysis of variance confirmed a strong interaction between VRU type and crowding, F(2, 62) = 10.48, p < .001. In crowded conditions, the bias effects were strong and reliable for all three types of VRUs. (We conducted t tests comparing the bias values to zero, and p values are reported in the figure caption.) In contrast, in the uncrowded conditions the bias effect occurred for pedestrians but not for bicyclists or motorcyclists. In fact, the bias for motorcyclists was reliably negative (more false alarms) in this experiment.
Note that differences between VRU types should be interpreted with some caution, because the exact differences between VRU types were not controlled; they might have differed overall on variables such as location, size, and contrast. Also, the crowding manipulation itself might vary somewhat with VRU type, because there was off-road clutter near the pedestrians. Nevertheless, we suggest two conclusions. First, the consistency of bias across VRUs in the crowded condition supports the idea that scene complexity contributes to the missing of VRUs; the effect is fairly general. Second, the bias goes away with empty roads for two VRU types because of reduced competition (reduced complexity) in early vision. Some bias remains with an empty road and a pedestrian VRU, but there may be several reasons for this. For instance, off-road locations may be lower in priority for attention than on-road locations, and, as we noted, additional objects in the off-road area might have competed with pedestrians (see, e.g., the second scene in Fig. 1 ). Perhaps both factors combine to cause bias in this condition.
Sensitivity and bias for the main conditions are visualized in terms of SDT in Fig. 3 . In this figure, perceptual effects (the VRU signals) increase to the right along the axis. Bicyclists and motorcyclists have stronger perceptual effects, producing distributions more rightward from the noise (absent) distribution. The criterion (vertical line) is assumed to remain constant across VRU types but to vary with crowding. With uncrowded scenes, the perceptual effects are fairly strong and the criterion is close to neutrality (0 on the axis), producing bias only for the weaker pedestrian signals. With crowded scenes, the perceptual effects are less separated from noise because of scene complexity. The criterion shifts rightward, producing bias for all VRUs. The weakest signals in crowded scenes (pedestrians) are missed on a majority of trials.
Experiment 1B When visual resources were drawn to the location of the VRU, detection was accurate, exceeding 96% in all of the main conditions, as is shown in Table 3 . The high accuracy levels indicate that the VRUs can be perceived if they are attended and if sufficient time is allocated for processing. Because accuracy was near ceiling, the accuracy data were not analyzed further. Reaction times (also in Table 3) indicate that VRU detection was faster than no-VRU responses, F(1, 11) = 6.65, p < .01, and that uncrowded responses tended to be faster than crowded responses, F(1, 11) = 3.49, p = .09. There was no interaction, F(1, 11) = 1.45, p > .20. The speed of VRU detection responses was close to that for brake light reaction times (e.g., M. Green, 2000; Shinar, 2007) , supporting the representativeness of the present experimental situation.
Discussion
The results of Experiment 1A provide strong support for the prediction of a bias effect, in which VRUs are often be missed when they appear among other vehicles (crowded conditions). The miss rates were high for all three types of VRUs, and especially for pedestrians. Crowding was predicted to cause misses by competing with the VRU for representation in early vision. The results were different in the uncrowded condition. For bicyclists and motorcyclists on an empty road, there was a tendency toward VRU detection (and more false alarms). For pedestrians, however, there was still some bias against perception. Pedestrians may have been crowded by off-road objects, or the road may have received higher perceptual priority. Because differences between VRU types and their scenes were not carefully controlled, further research will be necessary to make precise conclusions about VRU type and other factors, such as size and location.
In contrast to the brief-exposure results, Experiment 1B indicated that, regardless of crowding, VRUs can be perceived accurately if attention and processing time are increased. The results suggest that the missing of VRUs can be corrected when resources are directed to VRU locations.
Experiment 2
The main purpose of Experiment 2 was to attempt to replicate Experiment 1A, while exploring pedestrian perception a little further. We examined whether a minor change in instructions would influence detection of pedestrians. Observer scanning behavior is known to vary with both expertise (driving experience) and type of traffic scene (e.g., Borowsky, Shinar, & Oron-Gilad, 2010) . Could instructions influence how the somewhat ambiguous off-road areas are attended? As in Experiment 1, the observers were instructed to indicate whether the scene contained a VRU (defined as a pedestrian, bicyclist, or motorcyclist). However, in Experiment 1, the definition of VRUs noted that VRUs are encountered Bon or near the road while driving.^This could have extended the observer's attention to include off-road pedestrian locations. In Experiment 2, we used a slightly more narrow wording that may be representative of some drivers' assumptions: VRUs are encountered Bon the road while driving.^This could deemphasize pedestrians and further increase the bias against perceiving them.
Method
The stimuli, design, and procedure were the same as in Experiment 1A, except for the deletion of the two words from the instructions (Bor near^). As noted, observers were again instructed to respond to whether there was a VRU in the image scene. A new sample of 30 undergraduates who reported good or corrected vision participated and received extra credit. The data for three participants were not analyzed because their performance was near chance, leaving 19 females and eight males.
Results
Overall, accuracy was higher for uncrowded scenes (79%) than for crowded scenes (72%). Table 4 shows percentages correct and the results recoded as errors. The overall bias effect was somewhat larger in this experiment; observers often failed to detect VRUs (37% miss rate), while making fewer false alarms (11% mistaken reports of VRUs present). The overall bias estimate was 0.50 (standard error = 0.09), indicating a shift in decision criteria away from neutrality of about half a standard unit; t(26) = 6.14, p < .001, 95% CI [0.65, 0.35]. As predicted, the bias of failing to detect VRUs was strongest with crowded scenes (45% miss rate). However, there was also a fairly strong bias effect with uncrowded scenes (29% miss rate). The bias effects were reliable for both crowded scenes (C = 0.64), t(26) = 7.61, p < .001, 95% CI [0.81, 0.48], and uncrowded scenes (C = 0.40), t(26) = 4.07, p < .001, 95% CI [0.60, 0.21]. The bias was greater for crowded than for uncrowded scenes, t(26) = 3.49, p < .002, and sensitivity was higher for uncrowded (d' = 1.99) than for crowded (d' = 1.56) scenes, t(26) = 3.34, p = .002. These effects were also reliable with the alternative measures, reported in Table 5 .
The bias effects are broken down by the three types of VRUs in Fig. 4 . There was again a striking interaction of crowding and VRU type, F(2, 52) = 10.56, p < .001. In crowded conditions, there was a strong bias effect for each type of VRU, supporting the pervasiveness of the crowding effect. In uncrowded conditions, the bias effect was very strong for pedestrians but not different from zero for bicyclists or motorcyclists. We found no negative bias in the present experiment. Averaging across Experiments 1A and 2, the bias effect for motorcycles and bicycles on uncrowded streets was -0.07 (SE = 0.06). How did the bias effects for pedestrians compare to those in Experiment 1A, where the instructions noted that VRUs could be near the road? The present bias effect was greater in magnitude [t(57) = 1.80, p = .04, one-tailed, for the comparison of bias effects between experiments]. The changed instructions may have further reduced the priority of off-road VRUs, and thereby increased misses. Even when the roads were empty in the uncrowded condition, the miss rate for pedestrians was 55% in this experiment. In the crowded condition, the miss rate for pedestrians reached 65%.
General discussion
The results document an important limitation in human scene perception-an effect of scene complexity that causes expected objects not to be perceived. The findings are an ecologically significant new example of the limitations in everyday scene perception, and they inform the debate over the perceptual costs of everyday scene perception (e.g., Cohen, Alvarez, & Nakayama, 2011; Kirchner & Thorpe, 2006) by documenting a critical cost of scene complexity.
The searched-for objects (VRUs) were always appropriate for the scenes, and they were also expected, because the observers' sole task was to look for a VRU. Nevertheless, observers missed many of the VRUs. With complex (crowded) scenes, there were strong biases against perceiving all three types of VRUs, both on-road and off-road. As a result, the VRU was often missing from conscious perception, whereas the other error type (false alarms) was much less frequent. The result is consistent with the ideas that during rapid scene perception, observers have difficulty individuating multiple objects, and that VRUs often lose out in perception to other objects, such as vehicles. The other objects dominate conscious perception, and observers appear to think that no VRU is present. These results are consistent with a body of traffic research documenting the difficulty of detecting VRUs in pictures and in videos of traffic (e.g., Borowsky et al., 2012; Gershon & Shinar, 2013; Pinto et al., 2014) . These biases against perception contrast with studies that have manipulated display size with brief nonscene displays (Biederman et al., 1988; Cameron et al., 2004) . Perhaps the critical factor in producing the bias effect here is structural complexity near the target-other objects that compete for individuation.
In uncrowded scenes, there was no bias at all for bicyclists and motorcyclists; in fact, miss errors tended to be less frequent than false alarms. Thus, the bias effect went away when complexity was reduced (for bicyclists or motorcyclists on an empty road). Bias remained for pedestrians, possibly because off-road regions are deprioritized or because of increased clutter in off-road regions. The bias against pedestrian VRUs became stronger when the instructions did not mention offroad locations (Exp. 2). These bias effects have important implications for public safety, because urbanization continues to increase the complexity of traffic situations (see below). One additional result was that, whereas errors were frequent with the brief presentations, accuracy reached high levels when observers had time to shift their eyes and attention to the location of the VRU (Exp. 1B). VRUs can be perceived with sufficient perceptual resources and time, even in crowded conditions.
The present bias effect should be distinguished from semantic congruency effects on object perception, which depend on the meaning of the scene and its relation to the target object (e.g., Hollingworth & Henderson,1998; Palmer, 1975) . The present bias effects occurred with scene-appropriate objects. The present bias effect can also be distinguished from another important misperception in scene perception, inattentional blindness. Inattentional blindness occurs when an irrelevant object is missed because the observer's attention is focused on other, highly relevant objects or tasks (e.g., Most, Scholl, Clifford, & Simons, 2005; Simons & Chabris, 1999 ; for relations to traffic crashes, see Chabris & Simons, 2009; Talbot, Fagerlind, & Morris, 2013) . In contrast, in the present experiments, the sole task was to look for VRUs. The bias effect appears to be a separate and also important perceptual limitation that is pertinent to road safety. Chabris and Simons argued that inattentional blindness is an error of attention-if I didn't see it, it wasn't there. The present results extend this principle to misperception in general.
Rapid scene perception
How do the present results relate to evidence for rapid perception of scenes and objects in them (e.g., Greene & Oliva, 2009; Kirchner & Thorpe, 2006; Potter, 1976) ? We suggest that the results are consistent with the idea of rapid scene categorization, but that rapid scene categorization is restricted to single salient interpretations (Sanocki & Sulman, 2013) . The single interpretation (or gist) is registered across the scene in parallel, perhaps as a kind of global averaging or feature registration process (e.g., Epstein & MacEvoy, 2011; Greene & Oliva, 2009) . We suggest that categorization is rapid and accurate only when there is high evidence for each possible interpretation on its respective trial type(e.g., Banimal presentô r Bno animal present^). In the present experiments, accuracy was highest when there was a strong BVRU present^interpre-tation (Bstreet containing only a motorcycle or bicycle^) or a strong Bno VRU^interpretation (Bempty street,^in the uncrowded absent VRU condition). Scene categorization becomes much less efficient when different objects are in the scene (Walker, Stafford, & Davis, 2008) , and it becomes extremely inefficient when there are competing categorizations (Evans, Horowitz, & Wolfe, 2011) . The present crowded conditions would be difficult, because the Bstreet with vehicles^and Bstreet with vehicles and VRU^interpretations are perceptually close and compete with each other. Critically for the bias effect when a VRU was present, the competition for representation among objects results in the VRU often being absent in the early scene interpretation, supporting the Bstreet with vehicles but no VRUr esponse. We suggest that the uncrowded pedestrian scenes were difficult in part because of the strong evidence from the empty street supporting the Bno VRU^interpretation. Competition from off-road objects would also compete with pedestrian perception in this condition.
Rapid scene perception and public safety
Applied and experimental research approaches can converge on the problems of traffic safety (e.g., Shinar, 2007) . The present results suggest that the visual complexity created by urbanization is an important factor for public safety, because it contributes to VRU misperception. There are both direct and indirect consequences of VRU misperception, which are reaching epidemic proportions as urban density continues to increase (e.g., Forman et al., 2011) . Direct consequences include crashes and deaths that can occur when VRUs are not perceived. The indirect consequences, however, may be further reaching, more frequent, and more costly. The possibility of misperception and crashes changes behavior, reducing healthy and inexpensive behaviors such as walking and bicycling, and increasing expensive, less sustainable behaviors such as driving. Indirect consequences include reduced general health and increased type 2 diabetes (e.g., Ernst, 2011; Forman et al., 2011; Frumkin, 2002) . We surveyed a sample of students from our university and found that more than 92% had at least some safety concerns about walking or bicycling across the streets that bound their university. The streets are often crowded with traffic, and the present results indicate that concerns about safety are well founded.
Traffic designers have used a number of measures that make pedestrians and bicyclists easier to perceive and avoid, such as sidewalks, bike lanes, and marked crosswalks. However, the present results indicate that these are not fully effective when observers look quickly in complex scenes. In the present experiments, bicyclists were missed despite being in bike lanes at the sides of roads. Motorcyclists were missed despite being at normal locations within traffic lanes. Further research on the perception and misperception of VRUs will be needed to explore the effectiveness of alternative solutions (e.g., Gershon & Shinar, 2013; Pinto et al., 2014) . Also potentially important is training of driver attention, because perception while driving is an active and strategic process (e.g., Borowsky et al., 2010) .
